. We show that in mice overexpressing FOXC2, sion, which leads to a lean and insulin sensitive phenotype. FOXC2 affects adipocyte metabolism by increasin WAT and BAT, the intraabdominal WAT depot is reduced and has acquired a brown fat-like histology ing the sensitivity of the ␤-adrenergic-cAMP-protein kinase A (PKA) signaling pathway through alteration whereas interscapular BAT is hypertrophic. Increased FOXC2 expression has a pleiotropic effect on gene exof adipocyte PKA holoenzyme composition. Increased FOXC2 levels, induced by high fat diet, seem to counpression in BAT and WAT. There is an induction of the BAT-specific gene ucp1 in the intraabdominal WAT deteract most of the symptoms associated with obesity, including hypertriglyceridemia and diet-induced insupot. We also demonstrate a change in steady-state levels of several WAT and BAT derived mRNAs, encoding lin resistance-a likely consequence hereof would be protection against type 2 diabetes.
Introduction these FOXC2-generated responses is consistent with protection against obesity and related symptoms such High calorie diet and low physical activity are important etiological factors for type 2 diabetes (also known as as diet induced insulin resistance. Furthermore, in wt (wild-type) mice, we demonstrate that Foxc2 mRNA levnoninsulin dependent diabetes mellitus, NIDDM). The majority of such patients are obese. It has been preels are upregulated by high fat diet and that mice with targeted disruption of one Foxc2 allele have a decreased dicted that by the year 2020, some 250 million people world-wide will suffer from type 2 diabetes. Since this interscapular BAT cell mass. These observations support the view of Foxc2 as an important regulator of disease is a major risk factor for ischemic heart disease and a common cause to renal failure, midlife blindness, adipocyte metabolism with the ability to alter metabolic efficiency in response to dietary changes. and lower extremity amputations, this threatening epidemic will have profound public health implications (O'Rahilly, 1997; Zimmet and Alberti, 1997). One major Results problem in the treatment of type 2 diabetes is to increase insulin sensitivity without promoting adipocyte differen-FOXC2 Is Expressed in WAT and BAT tiation (e.g., thiazolidindiones) and/or enlarge triglycerduring Postnatal Life We have provided evidence for the existence of a winged helix/forkhead gene expressed in adipocytes growth hormone does not appear to regulate Foxc2 (Figure 1d) . The fact that two major regulators of glucose/ adipocyte metabolism-insulin and TNF␣-regulate Foxc2 in vitro made us interested in the role of Foxc2 in vivo.
FOXC2 Regulates Adipose Tissue Distribution and Morphology
We made a DNA construct in which the adipose-specific aP2 (Coe et al., 1999) enhancer/promoter, known to promote transcription in BAT and WAT in vivo (Ross et al., 1990) , was fused to a cDNA encoding FOXC2. Mice transgenic for this construct appear normal in terms of general behavior and reproduction. Tg (transgenic) mice have distinctly enlarged bilobed interscapular BAT depots (Figures 2a and 2b) , whereas the intraabdominal WAT depot is clearly reduced (Figures 2c and 2d ). Analyses were performed on FOXC2 tg-A mice with wt littermates as controls, mice were approximately 4-6 months of age and fed ad libitum. The intraabdominal WAT from tg mice has a brownish color, in contrast to the corresponding WAT in non-tg animals, which is light Figure 3l ). It is Induction of the cAMP-regulated ucp1 in WAT, the hyquite extraordinary that tg mice on a high fat diet retain pertrophy of BAT, the decrease of intraabdominal WAT a plasma insulin profile almost identical to that observed depots, and the upregulation of mRNAs encoding ␤-ARs when on a standard diet, while wt mice display almost suggest that an increased sensitivity in the ␤-adrenera 3-fold increase in insulin plasma levels (Figures 3j and gic/cAMP/protein kinase A (PKA) signaling pathway may 3l). Wt mice exhibit a clear increase in glucose levels, contribute to the phenotype of FOXC2 tg mice. In cotranswhile tg mice show a much more modest increase in fection experiments, using 3T3-L1 adipocytes, we show glucose values (Figures 3i and 3k) . These findings highthat FOXC2 increases reporter gene activity of a conlight FOXC2, not only as a gene of importance for adistruct driven by the promoter of the RI␣ gene (encodes pose tissue distribution, morphology, and gene expresthe regulatory subunit I␣ of PKA; Figure 6a ), whereas no sion profile, but also, more importantly, as a major such regulation could be observed for the RII␤ promoter regulator of general lipid and glucose metabolism, in-(not shown). We also demonstrate increased RI␣ mRNA cluding protection against diet-induced insulin resislevels in adipose tissue from tg mice (Figure 6a , insert) tance. They also support the lipotoxicity hypothesis, in in a dose dependent manner with regard to transgene that leanness and low levels of FFA are present in the expression (Figure 4a ). This is accompanied by elevated mice (tg) that display the most insulin sensitive phenotype. levels of RI␣ protein in WAT and BAT (Figure 6b ). Basal (Figure 6d, insert) . In 6a-6d). An alternative explanation to our findings would another experiment, we showed that K act for tg (n ϭ 4) be a PGC1-induced increase of PPAR␥ which, together, and wt (n ϭ 3) WAT is 116 Ϯ 9 and 233 Ϯ 9 (ϮSEM; would activate ucp1 (Figure 4b) (Cummings et al., 1996) . sion of ucp1 (Puigserver et al., 1998). As opposed to Stimulation of wt adipocytes with a nonselective ␤-agoour in vivo findings, these authors demonstrate a reducnist leads to 4-to 5-fold increase in cAMP levels at 1 tion in steady-state levels of aP2 mRNA. Nevertheless, min and a rapid termination of the signal. Stimulation of it is possible that an increased adrenergic sensitivity, tg adipocytes leads to a strong (10-fold), prolonged, on several levels, in conjunction with PGC1, PPAR␥, and and sustained increase in cAMP levels, which are not PPAR␣ activation (Figure 4b ) contributes to induce a terminated at 10 min (Figure 6e) . ␤ 3 -agonist stimulation WAT phenotype that will lead to dissipation of energy of adipocytes prepared from tg WAT displays a distinct through an increased ␤-oxidation and uncoupling. This increase (4-fold) in cAMP levels with elevated levels over is supported by the observations that adipocytes of 10 min (Figure 6f ). In contrast, little or no ␤ 3 -agonist transgenic origin contain more and larger mitochondria response is observed in adipocytes from wt WAT. These (Figures 5c and 5d ) and that the oxygen consumption observations are in agreement with the strong upregulais significantly elevated in such adipocytes (Figure 5f ). tion of ␤ 1-2 -AR and the induction of ␤ 3 -AR (which is virtuWe speculate that increased mRNA levels for IR, IRS1, ally absent in wt) in tg WAT (Figure 4b ) and indicate that IRS2, and GLUT4 (Figure 4b ) would lead to enlarged the sensitivity of ␤-adrenergic/cAMP/PKA pathway in WAT depots with increased insulin sensitivity, as seen WAT from FOXC2 tg mice is increased at several levels.
in the aP2-GLUT4 mice (Shepherd et al., 1993) . In FOXC2 tg mice, the imminent threat of obesity and insulin resisDiscussion tance, due to activation of genes that stimulate adipocyte differentiation (C/EBP␣, PPAR␥, and ADD1/SREBP1) From the data presented here, it is clear that FOXC2
and lipid accumulation (aP2 and adipsin), is counterregulates, directly or indirectly, several aspects of adipoacted by factors that enhance energy dissipation (ucp1 cyte metabolism. Even though it is likely that other pathand pgc1). Thus, the FOXC2 tg mice would have been ways/genes are involved, the induction of ucp1 in WAT, obese and insulin sensitive had it not been for the inthe hypertrophy of BAT, the decrease of intraabdominal creased BAT and induction of ucp1 in WAT, which will WAT depots, the upregulation of mRNAs encoding supply means by which energy can be dissipated. The ␤-adrenergic receptors, and the increased oxygen conmRNA levels for ucp1, ␤ 2-3 -AR, C/EBP␣, RI␣, adipsin, sumption in tg WAT suggest that an increased sensitivity IRS1, and GLUT4 all demonstrate a dose-response relain a ␤-adrenergic/cAMP/protein kinase A (PKA) pathtion with regard to expression of the transgene (Figures way, at least in part, can explain the phenotype of mice 4b and 6a), which could reflect a direct regulation by overexpressing FOXC2. The finding of an isoenzyme FOXC2 (Figure 7a ), whereas indirect effects could be shift that will lower the threshold for PKA activation involved in regulation of the other genes (Figure 4b ). It by adrenergic stimuli and the increased sensitivity for is possible that FOXC2 directly, through transcriptional ␤-adrenergic agonists, in adipocytes from tg mice, proactivation of "master" genes, controls a network that vides further support for this hypothesis (Figures 6a-6d ).
regulates energy turnover (ucp1, ␤ 2-3 -AR, and RI␣), difIndeed, animals subjected to chronic adrenergic stimuferentiation (C/EBP␣), metabolism (adipsin), and insulin lation show increased BAT depots and decreased WAT sensitivity (IRS1 and GLUT4) in adipocytes (Figure 7a ). It stores with multilocular BAT-like cells (Himms-Hagen et is interesting to note the almost complete concordance al., 1994). The effects of chronic adrenergic stimulation between the insulin and glucose profiles for tg mice, can in part be derived from an increased BAT cell prolifregardless of diet (Figures 3i-3l) , whereas wt mice deeration, ucp1 induction, and stimulation of lipolysis. This velop a pronounced insulin resistance when fed a high will lead to loss of body fat, increased glucose tolerance, fat diet (Figures 3k and 3l ). Thus, it is possible that and decreased serum triglycerides, through a process factors that enhance energy dissipation can sense the that mimics BAT adaptive thermogenesis (Lowell and metabolic status of the animal. The upregulation of Flier, 1997; Yoshida et al., 1994). While the phenotype Foxc2 mRNA levels in animals on a high fat diet supports in animals under chronic adrenergic stimulation, can, in this view (Figure 5g ) large part, be attributed to an increased energy turnover Thrifty genes are thought to conserve energy during mediated through cell surface located ␤-ARs, the metaperiods of famine whereas they constitute a risk for bolic changes seen in FOXC2 tg mice are due to an developing obesity related conditions, e.g., type 2 diaincreased expression level of an intracellular transcripbetes, when energy is abundant. It has been speculated tion factor that exerts a pleiotropic effect on gene exthat there exists a balance between factors that conpression in BAT and WAT. The sensitivity of the ␤-adrenserve-"thrifty" genes-and factors that mobilize energic-cAMP-protein kinase A (PKA) pathway is enhanced, ergy-"anti-thrifty"-genes. This balance allows surin adipocytes, on several levels, as indicated by the vival during periods of food deprivation, frequently encountered during evolution, without the maladaptive increased sensitivity for both a nonselective ␤-agonist more, tg mice appear to be able to regulate energy efficiency when fed a high fat diet, as demonstrated by the reduced weight gain to food consumed ratio ( Figure  3o) . In this sense, FOXC2 could be regarded as an "antithrifty" gene. This is further supported by the findings that FOXC2 tg mice demonstrate a relative resistance to diet-induced weight gain (Figure 3m) as well as dietinduced insulin resistance (Figures 3k and 3l) . One possible mechanism by which this could be achieved is through the FOXC2-induced upregulation of mRNA levels for HSL in WAT (Figure 4b ), which could provide means for an increased flow of FFA to the mitochondria, where ucp1 would dissipate its energy content. An increase in number and/or biological activity of mitochondria, as reflected by increased levels of coxII and pgc1 (Figure 4b) , would further enhance this process. The relevance of this hypothesis is underscored by the fact that tg WAT contains more and larger mitochondria (Figures 5c and 5d ) and has an increased oxygen consumption (Figure 5f ).
Why is it that FOXC2 tg mice do not increase their food intake to a level that would compensate for the loss of adipose tissue? One explanation could be that increased FOXC2 expression affects satiety signaling to CNS. It has been speculated that BAT produces an appetite suppressing signal since BAT-ablated mice are hyperphagic (Flier, 1995) . This would mean that although FOXC2 tg mice do not eat more than their wild-type littermates, they eat less than they would need to for preservation of an energy store, comparable in size to that of their wt littermates. This could be explained by increased expression of a hypothetical appetite suppressing signal from the enlarged BAT depot.
Based on the data reported here, FOXC2 should be regarded as a candidate gene for obesity, insulin resistance, and type 2 diabetes. The phenotype induced by increasing FOXC2 expression in adipose tissue sup- differentiated using a combination of dexametasone, insulin and, metyl-isobutylxanthine for three days, followed by insulin alone for Serum and Lipid Analysis three days. Since the combination of agents used to induce differenPlasma insulin was determined radioimmunochemically with the use tiation also increased Foxc2 mRNA (not shown), cells were continof a guinea pig anti-rat insulin antibody, 125 I-labeled porcine insulin ued for four days without any stimulus to fully mature adipocytes as tracer and rat insulin as standard (Linco). Free and bound radioacat day ten using standard protocols. At day eleven (five days after tivity was separated by use of an anti-IgG (goat anti-guinea pig) removal of the differentiation mixture), cells were treated with variantibody (Linco). The sensitivity of the assay is 17 pmol/l and the ous agents, subjected to Northern blotting and analysis of the Foxc2 coefficiency of variation is less than 3% at both low and high levels.
signal by ␤-scintillation counting in a dot-matrix ␤-plate counter Plasma glucose was determined with the glucose oxidase method, (Instant Imager, Packard). and FFAs were measured photometrically. Plasma glucagon was determined radioimmunochemically with the use of a guinea pig Real-Time Quantitative RT-PCR antiglucagon antibody specific for pancreatic glucagon, 125 I-labeledReverse transcription of 1 g total RNA was carried out using a 1 st glucagon as tracer, and glucagon standard (Linco). Free and bound Strand cDNA Synthesis Kit for RT-PCR (AMV) (Roche, #1483188). radioactivity was separated by use of an anti-IgG (goat anti-guinea 0.25 l and 7.8 nl of the first strand cDNA synthesis were used pig) antibody (Linco). The sensitivity of the assay is 7.5 pg/ml and respectively per 50 l of PCR reaction (TaqMan Universal PCR Masthe coefficient of variation is less than 9%. Blood levels of serum ter Mix, Applied Biosystems) to determine Foxc2 and 18S ribosomal cholesterol and triglycerides were determined by standard, fully RNA levels using the ABI Prism 7700 sequence detection system. enzymatic techniques. Total body lipid was assessed using alcoThe primer sequences used for Foxc2 detection were as follows. holic hydroxide digestion with saponification of all lipids and neutralForward: 5Ј-GAAAGCGCCCCTCTCTCAG-3Ј and reverse: 5Ј-TGC ization, followed by enzymatic determination of glycerol.
GGATAAGTTACCTGCGA-3Ј; for 18S ribosome, forward: 5Ј-AGTC CCTGCCCTTTGTACACA-3Ј and reverse: 5Ј-GATCCGAGGG Intravenous Glucose Tolerance Test CCTCACTAAAC-3Ј. The probe sequences for Foxc2 and 18S riboThe mice were anesthetized with an intraperitoneal injection of midazosome were 5Ј-6FAM-ACCAGGAGCAGAGAGC TCCGTGCAAlam (0.4 mg/mouse) (Hoffman-La-Roche) and a combination of flua-TAMRA-3Ј and 5Ј -6FAM-CGCCC GTCGCTACTACCGATTGGnison (0.9 mg/mouse) and fentanyl (0.02 mg/mouse) (Janssen).
TAMRA-3Ј, respectively. Thereafter, a blood sample was taken from the retrobulbar, intraorbital, capillary plexus in heparinized tubes, whereafter D-glucose 1g/ Transfections and Reporter Gene Analysis kg (British Drug Houses) was injected rapidly intravenously. New Nonconfluent cultures of 3T3-L1 adipocytes were transfected with blood samples were taken after 1, 5, 20, 50, and 75 min. Following a CAT reporter (pCAT) driven by the human RI␣ proximal promoters immediate centrifugation at 4ЊC, plasma was separated and stored upstream of the alternatively spliced 1a and 1b leader exons (nucleoat Ϫ20ЊC or until analysis. tides 1509 to 2470 GenBank # Y07641). To control transfection efficiency, a pGL3 control (Promega) luciferase-encoding vector was Northern Blot used. In cotransfections, a FOXC2 expression vector or vector void cDNA probes for mouse Foxc2, aP2, ADD-1/SREBP1, coxII, adipsin, of insert was used. Transfections were carried out using lipofecta-␤ 1-3 -AR, GLUT4, IR, IRS1, IRS2, and PPAR␣ were prepared by RT-PCR mine (Gibco), followed by CAT and luciferase assays. by use of first-strand cDNA from mouse epididymal fat poly(A) ϩ RNA. The PCR primers used to generate these probes were as follows. 
